Di-cationic Zn(II)-phthalocyanines (ZnPcs) are promising photosensitizers for the photodynamic therapy (PDT) of cancers and for photoinactivation of viruses and bacteria. Pegylation of photosensitizers in general enhances their water-solubility and tumor cell accumulation. A series of pegylated di-cationic ZnPcs were synthesized from conjugation of a low molecular weight PEG group to a pre-formed Pc macrocycle, or by mixed condensation involving a pegylated phthalonitrile. All pegylated ZnPcs were highly soluble in polar organic solvents but were insoluble in water; they have intense Q absorptions centered at 680 nm and fluorescence quantum yields of ca. 0.2 in DMF. The non-pegylated di-cationic ZnPc 6a formed large aggregates, which were visualized by atomic force microscopy. The cytotoxicity, cellular uptake and subcellular distribution of all cationic ZnPcs were investigated in human carcinoma HEp2 cells. The most phototoxic compounds were found to be the -substituted Pcs. Among these, Pcs 4a and 16a were the most effective (IC 50 ca. 10 M at 1.5 J/cm 2 ), in part due to the presence of a PEG group and the two positive charges in close proximity (separated by an ethylene group) in these macrocycles. The β-substituted ZcPcs 6b and 4b accumulated the most within HEp2 cells but had low photocytoxicity (IC 50 > 100 M at 1.5 J/cm 2 ), possibly as a result of their lower electron density of the ring and more extended conformations compared with the -substituted Pcs. The results show that the charge distribution about the Pc macrocycle and the intracellular localization of the cationic ZnPcs mainly determine their photodynamic activity.
Introduction
Phthalocyanines (Pcs), also known as tetraaza-benzoporphyrins, are a class of synthetic tetrapyrrolic compounds related to the naturally occurring porphyrins; they contain an extended 18 -electron system. Due to their strong absorptions in the near-IR, Pcs have found multiple applications in biology, medicine, and materials science, for example as colorant dyes, molecular wires, optical sensors, bioimaging agents, and as photosensitizers for the photodynamic therapy (PDT) of cancers and for inactivation of bacteria and viruses [1] [2] [3] [4] . PDT involves light activation of a photosensitizer with subsequent in situ production of singlet oxygen, and other reactive oxygen species (ROS), which destroy photosensitizer-accumulated cells via necrosis and/or apoptosis [5, 6] . Photofrin is a FDA-approved porphyrin, a derivative of hematoporphyrin IX, that has been used for nearly two decades in the PDT treatment of vari-Ivyspring International Publisher ous cancers, including lung, skin, cervical and bladder [7, 8] . PDT has several advantages over surgery and radiation therapy, in that it is relatively non-invasive and is a localized form of therapy, in part due to the natural tendency of porphyrin compounds for preferential accumulation in cancer tissues combined with precise light delivery, normally from a diode laser. However, Photofrin has some drawbacks because porphyrins typically absorb only weakly in the red region of the spectrum (λmax = 630 nm) where light penetrates deeper into tissue; in addition Photofrin is a complex mixture of porphyrin monomers and oligomers which tend to persist for long time periods in healthy tissues following systemic administration, causing unwanted side-effects such as patient photosensitivity for several weeks post-PDT. Pcs have emerged as promising second-generation photosensitizers due to their intense absorptions at long wavelengths (λmax > 670 nm), and their unique abilities for crossing cellular membranes and for producing ROS upon light activation. Sulfonated Al(III)Pcs, designated Photosense, and a Si(IV)Pc, designated Pc4, have been evaluated in clinical trials for PDT [9] [10] [11] . These Pcs and other potential Pc-based photosensitizers contain peripheral water-solubilizing substituents and/or axial ligands for minimizing aggregation and increasing their solubility in aqueous media, thereby improving their photodynamic activity. Of particular interest are polyethylene glycol (PEG) groups, which can be used as delivery vehicles [12] [13] [14] or may be covalently attached to Pcs [15] [16] [17] for improved delivery to target tissues. The pegylation of photosensitizers has been shown to increase their water-solubility, serum life and tumor accumulation, while reducing their uptake by the reticuloendothelial system [18] [19] [20] [21] [22] [23] . On the other hand, positively charged photosensitizers are of particular interest for PDT [24] [25] [26] [27] [28] [29] [30] [31] and for photoinactivation of virus and bacteria [32] [33] [34] , because of their potential stronger interactions with negatively charged cell membranes and targeted biomolecules (e.g. DNA and RNA), which can result in effective photodamage and overall enhanced photodynamic efficacy. We have recently reported that di-cationic α-substituted ZnPcs are the most phototoxic among a series of Pcs bearing one to eight positively-charged trimethylaminophenoxy groups, and the most promising photosensitizers for PDT [35] . In our continuing investigation of photosensitizers with enhanced biological effectiveness, we report herein the synthesis of a new series of di-cationic phthalocyanines, containing a PEG group or a diglycolic spacer between the ZnPc and the positively charged quaternary ammonium groups. Our studies show that the pegylated di-cationic ZnPcs are more soluble than the non-pegylated analogues, which were observed to form large aggregates by atomic force microscopy.
Methods and Materials

Syntheses
All reagents and solvents were purchased from commercial sources and used without further purification, unless otherwise noted. Silica gel 60 (230×400 mesh, Sorbent Technologies) was used for column chromatography and Sephadex G-100 and LH-20 (Amersham Biosciences) were used for purification of the water-soluble ZnPcs. Analytical thin-layer chromatography (TLC) was carried out using polyester backed TLC plates 254 (precoated, 200 μm) from Sorbent Technologies. NMR spectra were recorded on an AV-400 LIQUID Bruker spectrometer (400 MHz for 1 H, 100 MHz for 13 C). The chemical shifts are reported in δ ppm using the following deuterated solvents as internal references: Acetone-d6 2.05 ppm ( 1 H), 29 .92 ppm ( 13 C); DMF-d7 8.03 ppm ( 1 H), 163.15 ppm ( 13 C); THF-d8 3.58 ppm ( 1 H), 67.57 ppm ( 13 C); CDCl3 7.27 ppm ( 1 H), 77.23 ppm ( 13 C); DMSO-d6 2.50 ppm ( 1 H), 39 .51 ppm ( 13 C). MALDI-TOF mass spectra were recorded on a Bruker UltrafleXtreme (MALDI-TOF/TOF) using 4-chloro-α-cyanocinnamic acid as the matrix; high resolution ESI mass spectra were obtained on an Agilent Technologies 6210 TOF LC/MS. Absorption spectra were measured on a UV-vis NIR scanning spectrophotometer using 10 mm path length quartz cuvettes. Stock solutions (1.0 mM, 1.0 mL each) of all Pcs in HPLC grade DMF solvent were prepared and dilutions obtained by spiking 20 -80 µL of each stock solution into solvent (10 mL). Emission spectra were obtained on a Fluorolog® -HORIBA JOBINVYON, Model LFI-3751 spectrofluorimeter. The optical densities of the solutions used for emission studies ranged between 0.04 -0.05 at excitation wavelengths to minimize re-absorption by the photosensitizers. All measurements were performed within 4 h of solution preparation and carried out at room temperature (23-25 °C) . ZnPcs 1a,b and 2a,b were synthesized as we have previously described [36] .
ZnPc 3a. To a solution of ZnPc 2a (20.0 mg, 0.017 mmol) in DMF (0.4 mL) were added in the following order: Et3N (3.3 mg, 0.032 mmol), HOBt (4.7 mg, 0.035 mmol), 1,4-bis-Boc-triazaheptane (7 mg, 0.023 mmol), and EDCI (4.0 mg, 0.026 mmol). The reaction mixture was stirred at room temperature for 4 days, diluted with ethyl acetate (40 mL) and washed with water (2 × 20 mL). The organic phase was dried over anhydrous Na2SO4 and the solvent removed under reduced pressure. The crude product was purified by column chromatography using CH2Cl2/methanol for elution, to afford a blue solid (20.2 mg, 81.8%). 1 13 13 13 13 
Phthalonitrile 13a.
A mixture of 3-nitrophthalonitrile 12a (2.0 g, 11.5 mmol) and tert-butyl 20-hydroxy-3,6,9,12,15,18-hexaoxaicosan-1oate (4.99 g, 12.6 mmol) was dissolved in THF (15 mL). Potassium carbonate, K2CO3, (5.26 g, 40 mmol) was added into the solution in six portions after every 5 min and the reaction solution was heated to 65 C for 6 h (monitored by mass spectrometry). The solids were filtered off, the solvent evaporated, and the crude oil purified by silica column chromatography using CH2Cl2/methanol (199:1 → 98:2) for elution. The title compound was obtained as a brown-yellow oil (4.70 g, 78.3%). 1 13 Phthalonitrile 13b. The same procedure as described above for 13a was used: 4-nitrophthalonitrile 12b
(2.0 g, 11.5 mmol), tert-butyl 20-hydroxy-3,6,9,12,15,18-hexaoxaicosan-1-oate (4.99 g, 12.6 mmol), THF (15 mL) and K2CO3, (5.26 g, 40 mmol). The crude oil was purified by silica column chromatography using CH2Cl2/methanol (98:2) as eluting solvent system, giving a brown oil (4.87 g, 81.2%). 1 13 Picoview imaging software was used for data acquisition and analysis. Data files were processed using Gwyddion open source software, which is freely available on the internet and supported by the Czech Metrology Institute [37] . Rectangular tapping-mode probes with an average frequency of 164 kHz with a highly reflective aluminum backside coating were purchased from MikroMasch (Estonia) for imaging samples in ambient conditions.
For the AFM sample preparation, Pc samples were dissolved in 10 mL of DMF to yield solutions of 100 µM concentration. An aliquot of 10 µL of the prepared solutions was deposited onto freshly cleaved mica(0001) and dried for 4 days before imaging.
Cell studies
Human carcinoma HEp2 cells were maintained in a 50:50 mixture of DMEM:AMEM (Invitrogen) supplemented with 5% FBS (Invitrogen), Primocin antibiotic (Invitrogen) and 5% CO2 at 37 o C. The cells were subcultured twice weekly to maintain subconfluent stocks. The 4 th to 15 th passage cells were used for all the experiments.
Time-Dependent Cellular Uptake: The HEp2 cells were incubated at 7500 cells per well in a Costar 96-well plate and allowed to grow for 48 h. The stock solutions for each ZnPc were prepared at 32 mM in DMSO and diluted to give 20 µM in medium (a 2X stock). Further dilution into the 96-well plate achieved a final concentration of 10 µM with a maximum DMSO concentration of 1%. Uptake was allowed to continue for 0, 1, 2, 4, 8, 12 and 24 h, when it was terminated by removing the loading medium and washing the wells with PBS. Each Pc concentration was determined from standard curves using intrinsic fluorescence, measured with a BMG FLUOstar plate reader equipped with a 355 nm excitation and a 650 nm emission filter. Using a CyQuant cell proliferation assay (Invitrogen) as per manufacture's instruction, cells were measured and the uptake expressed in terms of nM compound concentration per cell.
Dark Cytotoxicity: The HEp2 cells were plated as described above and the compounds diluted into medium to give a final concentration of 400 µM. By preparing two-fold serial dilutions to 50 µM, the cells were incubated overnight and the cell toxicity measured using Promega's Cell Titer Blue Viability assay as per manufacturer's instructions. Untreated cells were considered 100% viable while cells treated with 0.2% saponin were considered to be 0% viable. The IC50 values were then determined from dose-response curves obtained using GraphPad Prism software.
Phototoxicity: The cells were plated as described above with ZnPc concentrations ranging from 6.25-100 µM. After overnight loading, new medium containing 50 mM HEPES pH 7.2 was introduced, replacing the former. The cells were then exposed to a NewPort light system equipped with a 175 W halogen lamp for 20 min, filtered through a water filter to provide approximately 1.5 J/cm 2 light dose. The culture was kept on a 5 o C Echotherm chilling/heating plate (Torrey Pines Scientific, Inc.) to keep the cells cool. After exposure to light, the plate was incubated overnight and the cell viability measured as described above for the dark cytotoxicity.
Microscopy: The cells were incubated in a glass bottom 6-well plate (MatTek) and allowed to grow for 48 h. They were exposed to 10 µM of each compound for 6 h. Organelle tracers (from Invitrogen) were used at the following concentrations: LysoSensor Green 50 nM, MitoTracker Green 250 nM, ER Tracker Blue/white 100 nM, and BODIPY FL C5 ceramide 1 µM. The tracers were diluted in medium and the cells incubated concurrently with ZnPc and tracers for 30 min before washing 3 times with PBS. Microscopy images were acquired using a Leica DMRXA microscope with a 40× NA 0.8dip objective lens and DAPI, GFP and Texas Red filter cubes (Chroma Technologies).
Results and Discussion
Syntheses
The di- cationic ZnPcs 4a,b, 6a,b, 9a,b, 11a,b , and 16a,b were synthesized as shown in Schemes 1 and 2 ( Figure A and Figure B ), from 3-or 4-nitrophthalonitrile (12a,b). The ZnPcs 1a,b and 2a,b were prepared according to procedures previously reported [35, 36] . In brief, the nitrophthalonitrile reacted with p-N-Boc-aminophenol in DMF at 80 ºC under basic conditions to give the corresponding p-N-Boc-aminophenoxy)phthalonitriles, which were heated at 140 ºC in dimethylaminoethanol (DMAE) and in the presence of zinc(II) acetate, 3 equiv. 4-tert-butylphthalonitrile and a catalytic amount of 1,5-diazabicyclo(4.3.0)non-5-ene (DBN), giving the Boc-protected -or -substituted A3B-type ZnPcs in 15-20% yields [35] . Deprotection of the Boc groups using TFA followed by reaction with diglycolic anhydride gave ZnPcs 1a,b, which were conjugated with commercially available tert-butyl-12-amino-4,7,10-trioxadodecanoate, using 1-hydroxybenzotriazole (HOBt), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDCI) and triethylamine (TEA) in DMF to produce pegylated ZnPcs 2a,b after deprotection with TFA [36, 38] . Reaction of ZnPcs 1a,b and 2a,b with 1,4-bis(N-Boc)-triazaheptane under similar coupling conditions, followed by TFA-mediated Boc-deprotection gave ZnPcs 5a,b and 3a,b, respectively, in 72-79% yields. Quaternization of the amino groups using excess methyl iodide and diisopropylamine (DIPA) in DMF [35] gave the corresponding di-cationic ZnPcs 6a,b and 4a,b in 53-68% yields. The branched ZnPcs 7a,b were prepared via reaction of 1a,b with di-tert-butyl ester protected L-aspartic acid in DMF, using TEA and 2-(1H-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniu m hexafluorophosphate (HATU) and HOBt, followed by deprotection with TFA [39] . The dicarboxylate terminated ZnPcs 7a,b were coupled to N-Boc-2,2′-(ethylenedioxy)diethylamine or N-Boc-ethylenediamine using TEA, HOBt and EDCI, giving ZnPcs 8a,b and 10a,b respectively, which were quaternized as described above, affording the di-cationic ZnPcs 9a,b and 11a,b in 59-68% yields (Scheme 1/ Figure A) .
Phthalonitriles 13a,b were obtained from reaction of tert-butyl 20-hydroxy-3,6,9,12,15,18hexaoxaicosan-1-oate, prepared in 38% yield following a published procedure [40] , with 3-or 4-nitrophthalonitrile in THF at 65 ºC, in the presence of K2CO3 [35] (Scheme 2/ Figure B) . Cyclotetramerization of phthalonitriles 13a,b with excess 4-tert-butylphthalonitrile in the presence of zinc(II) acetate and a catalytic amount of DBN in DMAE gave the corresponding A3B-type ZnPcs 14a,b in about 12% yield, after deprotection of the tert-butyl group using TFA at room temperature. Conjugation of the pegylated ZnPcs 14a,b with 1,4-bis(N-Boc)-triazaheptane using TEA, HOBt and EDCI, followed by cleavage of the Boc group gave ZnPcs 15a,b in 58-61% yields. Quaternization as described above gave the corresponding di-cationic ZnPcs 16a,b in 63-67% yields. Reaction conditions: (a) tert-butyl- 20-hydroxy-3,6,9,12,15,18- 4a,b, 6a,b, 9a,b, 11a,b , and 16a,b are soluble in polar organic solvents, such as DMF, THF and methanol, but none of the cationic Pcs was water soluble; they remained aggregated in water, even upon sonication. To compare how the samples self-assemble into aggregate structures, AFM studies were accomplished using tapping-mode for samples prepared on mica surfaces. Topography views are shown in Figure 1 for samples of Pcs 6a, 2b, and 16a. Considerable differences are apparent for the heights and surface coverage of the samples. The largest aggregates were revealed for the non-pegylated Pc 6a, with an average height of 9.6 ± 0.5 nm (mean ± standard error, n = 93). Most of the clusters (70%) ranged from 8 to 14 nm in height. The smallest clusters were observed for Pc 16a containing a longer PEG chain than 2b, measuring 1.0 ± 0.15 nm (n = 52). The average size of surface deposits for Pc 2b measured 1.1 ± 0.1 nm, with most of the clusters measuring 0.6 to 1.2 nm in height (77%, n = 227). The sizes were measured using height information obtained from individual cursor profiles within the images. The lateral dimensions of surface features depend closely on the AFM probe geometry and are not as reliable for estimating sizes. Comparing the samples using a t-test, the mean values for 16a and 2b indicate that the surface structures are essentially the same height. However, the size of the aggregates of Pc 6a is significantly larger than those of either Pcs 2b or 16a. The sizes of aggregates follow the trend: Pc 6a >> Pc 2b > Pc 16a.
All di-cationic ZnPcs
Nevertheless, all Pcs remained in aqueous solution upon dilution from concentrated Pc stocks in DMF or DMSO into PBS (final DMF or DMSO concentration of 1%) at 10 µM concentrations, which were used for the cellular uptake and microscopy experi-ments (vide infra). Since the cationic ZnPcs undergo N-demethylation upon storage for over one week at room temperature, as we have previously observed [35] , all cationic ZnPcs were characterized and investigated within 2-3 days of their purification.
The spectroscopic properties of the di-cationic ZnPcs 4a,b, 6a,b, 9a,b, 11a,b, 16a,b and their amine precursors in DMF are summarized in Table 1 and shown in Figure 2 . No aggregation of the Pcs was apparent up to 10 M concentrations in DMF [42] . All ZnPcs showed strong Q absorptions and emissions in the near-IR between 679-686 nm in DMF, with small Stokes' shifts between 2-4 nm, as is characteristic of this type of macrocycle [35, [41] [42] [43] . All the ZnPcs show a Soret absorption between 330 -360 nm, a strong Q band between 677-683 nm and a vibrational band at around 620 nm, that strictly follow the Lambert-Beer law. The ZnPcs had fluorescence quantum yields in the range 0.09-0.23 in DMF, as expected for this type of compound [35, [41] [42] [43] . 
Biological Evaluation
The biological properties of the cationic ZnPcs including time-dependent cellular uptake, cytotoxicity and intracellular localization, were investigated in human carcinoma HEp2 cells. The cytotoxicity was evaluated using Promega's Cell Titer Blue viability assay, as we have previously reported [28, 35, 36, 39, 44] at concentrations up to 400 M for each di-cationic ZnPc and for the pegylated, neutral ZnPc 2b (see Supplementary Material: Figure  S9 ). The time-dependent uptake into HEp2 cells was investigated at a concentration of 10 M of each Pc up to 24 h ( Figure 3) . The subcellular sites of localization were observed by fluorescence microscopy, 6 h after exposure of HEp2 cells to each ZnPc (see Figures 4-6 and Supporting Information, Supplementary Material: Figures S1-S8 ). Co-localization experiments were conducted using the organelle specific fluorescent tracers: ER Tracker Blue/White (endoplasmic reticulum, ER), MitoTracker Green (mitochondria), BODIPY Ceramide (Golgi) and LysoSensor Green (lysosomes). Table 2 summarizes the results obtained from these studies. Our results show that all the α-substituted ZnPcs are much more toxic than the corresponding β-substituted ZnPcs, both in the dark and upon exposure to approx. 1.5 J/cm 2 light dose. We had previously observed that the cytotoxicity of cationic Pcs depends on the substitution at the macrocycle periphery, and that the α-substituted compounds tend to be more toxic than the corresponding β-substituted Pcs [35] . This might be due to their increased electron density of the ring and distinct conformations, as shown in Supplementary Material: Figure S21 ; the β-substituted di-cationic ZnPcs tend to adopt more extended conformations than the -substituted analogues. All ZnPcs had very low toxicity in the dark (IC50 > 180 M), in particular the branched dicationic Pcs 9a,b and 11a,b which showed remarkable low dark toxicity (IC50 > 400 M), maybe due to their very low uptake into cells (see Figure 3 ). Upon irradiation with low light dose (~1.5 J/cm 2 ) all β-substituted ZnPcs were non-toxic up to 100 M concentrations, with the exception of 11b, which was moderately phototoxic (IC50 = 47 M). The most phototoxic compounds were the α-substituted ZnPcs 4a, 6a, 9a, 11a and 16a, with determined IC50 values (calculated from dose-response curves, see Supporting Information) of 10.7, 14.8, 28.8, 12.7 and 8.7 M, respectively. Of this series, Pcs 4a, 11a and 16a are the most promising for PDT applications due to their high ratio (>25) of dark/photo cytotoxicity and high phototoxicity. It is interesting to note that the most phototoxic Pcs (4a and 16a) contain a PEG group, the two positive charges in close proximity (separated only by an ethylene group), and both localize in the cell ER. It is possible that pegylation of Pc macrocycles favors intracellular localization in the ER, as we have previously observed [38] , whereas the positive charges might favor localization at the plasma membrane and subcellularly in mitochondria and lysosomes [44] [45] [46] [47] . On the other hand, the β-substituted ZcPcs 6b and 4b accumulated within HEp2 cells to a much higher extent than all other Pcs. The cellular uptake of the non-pegylated Pc 6b was the fastest of all ZnPcs, although it slowed down to a plateau 8 h after exposure, while Pc 4b continued to accumulate within cells up to the 24 h period investigated, probably as a result of its PEG group. Furthermore, the di-cationic Pcs bearing the two charges in close proximity on the same chain, showed increased uptake compared with the neutral Pc-PEG 2b, as well as to the cationic Pcs 9a,b and 11a,b bearing the charges on two side branches. All cationic ZnPcs localized in multiple sites within the cell, with exception of 9b which was mainly found in lysosomes ( Table 2 ). In addition, ZnPcs 4a, 6a, 11a and 16b were observed at the plasma membrane. The most phototoxic compounds 4a, 11a and 16a all localized within the ER, an important organelle that regulates protein synthesis and stress responses, potentially leading to PDT-induced cell apoptosis [48, 49] . Our results show that the intracellular localization of the ZnPcs, rather than the extent of their cellular uptake, and their charge distribution mainly determine their photodynamic activity, probably as a result of their different interactions with intracellular components. 
Conclusions
A series of ten amphiphilic dicationic ZnPcs were synthesized and their cellular properties were investigated in human carcinoma HEp2 cells. All Pcs are A3B-type and were prepared by statistical condensation of two different phthalonitriles. All -substituted Pcs were found to be significantly more phototoxic (> 5-fold) than the corresponding -substituted Pcs, probably due to their increased electron density of the ring and distinct macrocyclic conformation. ZnPc 16a bearing the longer PEG group, showed the highest phototoxicity of this series (IC50 = 8.7 µM at 1.5 J/cm 2 ), followed by 4a (IC50 = 10.7 µM); this may be a result of their preferred localization in the cell ER and favorable interaction with important biological targets. Furthermore, our results suggest that a PEG group, as well as the presence of the positive charges in close proximity, tend to increase phototoxicity. On the other hand, the β-substituted ZcPcs 6b and 4b accumulated the most within HEp2 cells, maybe due to their more extended conformations compared with the -substituted ZcPcs. We conclude that the charge localization on the Pc macrocycle (-substitution and close proximity of charges) and the intracellular distribution of the cationic ZnPcs, rather than the extent of their cellular uptake, mainly determine their photodynamic activity. In the absence of a PEG group, the di-cationic ZnPcs tend to form large aggregates, as visualized by atomic force microscopy.
Supplementary Material
Phototoxicity and dark toxicity plots, microscopy images, UV-Vis spectra and ChemBio3D conformations. http://www.thno.org/v02p0850s1.pdf.
